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ABSTRACT

A sessile drop technique employing a drop placement method has
been used to investigate the wetting behavior and interfacial phe
nomena between aluminum and single crystal α -alumina.

Measurements

were made under a flowing mixture of H 2 and He atomsphere from 1200°C
to 1600°C.

Acute contact angles decreased continuously in all cases

during the 8 -hour experimental time.

Neither the oxygen partial pres

sure of the flowing gas nor the orientation of the single crystal
alumina substrate affected the contact angles, but the shapes of crys
tals grown at the substrate-metal interfaces were dependent on the
orientation of the substrate surface to some extent.

Indirect evi

dence showed that A l2O, the gaseous product of the reaction between A l
and A l2O 3 , was responsible for the crystals grown at the substratemetal interfaces.

ACKNOWLEDGEMENT

The author is grateful to his advisor, Professor P. D. Ownby, for
his guidance and instruction throughout this work.
The sessile drop experiments were carried out at the Materials
Research and Developement Inc.

The author is pleased to acknowledge

Dr. D. D. Burt for his valuable suggestions, and Mr. T. Wilson for his
assistance in the apparatus setup and preliminary experiments.
Also, the author is pleased to express his appreciation to Dr. D.
A. Weirauch, Jr. at ALCOA for his fruitful discussion and his assis
tance in the profilometry measurements.
Finally the author wishes to dedicate this work to his parents
for their love and encouragement.

IV

TABLE OF CONTENTS

Page
ABSTRACT....................

ii

ACKNOWLEDGEMENT..................................................

iii

LIST OF ILLUSTRATIONS............................................

vi

I.

INTRODUCTION............ ................................

1

II.

LITERATURE REVIEW............... ........ ................

5

A. SURFACE RECONSTRUCTIONOF α -ALUMINA....................

5

B. REACTION BETWEEN Al

III.

IV.

V.

ANDAl 20 3 .........................

7

C. SESSILE DROP STUDIES OF AlON AI 20 3 ....................

7

EXPERIMENTAL SETUP ANDPROCEDURE..........................

10

A. MATERIALS..................

10

B. APPARATUS.............................................

10

1. Sessile Drop Furnace...............................

10

2. Oxygen Sensor......................................

12

C. PROCEDURE.............................................

16

RESULTS AND DISCUSSION..................................

19

A. GENERAL OBSERVATIONS..................................

19

B. CONTACT ANGLE.........................................

23

1. Effect of Sapphire Orientation....................

23

2. Effect of Oxygen Partial Pressure.................

27

3. Effect of Time.....................................

27

4. Effect of Temperature..............................

32

C. REACTION RING.................................

35

D. CRYSTAL GROWTH AT THE LIQUID-SOLIDINTERFACE..........

40

E. ATTACK OF SAPPHIRE SURFACE BY THEALUMINUM VAPOR......

59

CONCLUSION...............................................

66

V

Page
BIBLIOGRAPHY.......................................................

67

V I T A ...............................................................

71

APPENDIX: PROFILOMETRY MEASUREMENT................................

72

vi

LIST OF ILLUSTRATIONS

Page

Figures
1. Sessile drop configurations:

(a) wetting and

(b) nonwetting ...........................................

2

2. Arrangement of the gas flow lines for measuring the PO2
2
(1 ) before, and (2 ) after the sessile drop furnace.
(P denotes the pressure gage) . ............................
3. Cross-section of the sessile drop furnace.
mental gas inlet,
Doser tube,

"Quartz" view-port,
element,

(A) Experi

(B) Experimental gas outlet,

(D) "D" tube,

(C)

(E) Sapphire substrate,

(G) Thermocouple,

(F)

(H) Heating

(I) Cooling water...............................

4. Cross-section of the oxygen sensor.
(B) Th 02 -7wt%Y 203 tube,

11

13

(A) AI 2O 3 tube,

(C) Experimental gas inlet,

(D) Experimental gas outlet,

(E) Reference gas inlet,

(F) Reference gas outlet, Temperature measured between
(G) and (H), Cell galvanic EMF output measured between
(H) and (I), (J) Heating element,

(K) Cooling water.....

15

5. Diagram of resolved forces acting at the periphery of
the drop when dissolution takes place.

γ 'sl is the

solid-liquid interfacial force for a sapphire surface
making an angle β to the original surface.

(After

Carnahan et al.[7])....................... ...............

6 . Diagram of resolved forces acting at the periphery of
the drop when reactions take place.
situation:

ysv = γlv cosθ + γls ;

reaction has started:

(a) Initial

(b) situation after

γSV > γlv cosθ + γlscosα ;

(c)

20

vii

Figures

Page
situation after drop has spread:
γlscosα ';

γSV > γlvCosθ ' +

(d) situation after drop has spread and

there has been some evaporation, immediately prior to
a contraction:

γSV < γlv cosθ" + γlscosα ';

situation immediately after a contraction.

(e)
(After

Champion et al.[9])...........

21

7. Plot of contact angle, θ , vs. time for aluminum on a
{ 0001 } sapphire surface at temperatures ranging from
1200°C to 1500°C..........................................

24

8 . Plot of contact angle, θ , vs. time for aluminum on a
{1012 } sapphire surface at temperatures ranging from
1200°C to 1500°C..........................................

25

9. Plot of contact angle, θ , vs. time for aluminum on a
{1120 } sapphire surface at temperatures ranging from
1200°C to 1500°C..........................................

26

10. Plot of contact angle, θ , vs. time for aluminum on a
{0001} sapphire surface at 1300°C under various oxygen
partial pressures..........................

28

11. Plot of aluminum surface tension vs. oxide coverage.
(After Goumiri and Joud[32])......
12. Picture at the cross section of a sapphire substrate
cut through the Al drop and the Al drop was removed
afterwards.

The periphery of the drop was marked by Ag

paste which appears white at both sides of the sub
strate.

It can be readily seen that the central region

of the substrate where Al once stayed is actually curved

30

Vlll

Figures

Page
downwards due to the consumption of the sapphire by
the interfacial chemical reaction.

(1500°C,

{0001}

sapphire surface, x10) ....................................

33

13. Exaggerated drawing of the sessile drop profile
illustrates the relation between the true ( θ ' )

and the

observed ( θ) contactangles..................

34

14. The Al drop was almost invisible at the end of a
1600°C run.

Time elapsed:

(a) 1 minute,

(b) 3 hours

and (c) 7 hours...........................................

36

15. (a) The cross-section (x4), and (b) the top view (xl2)
of an Al drop on a {1120} sapphire surface after the
experiment at 1600°C......................................

37

16. The periphery of a sessile drop viewed by (a) an
optical microscope through the transparent sapphire,
and (b) SEM at low angle (7-10°) from the sapphire
surface.

(1300°C,

{0001} sapphire surface,

(a) x50,

(b) xlOO).................................................

38

17. Morphology of sapphire surface shown in the reaction
area.

(1500°C,

{0001}sapphire

surface,

x50)............

39

18. Plot of the maximum reaction ring depth vs. temperature.
Values from current and otherreportedstudies.............

41

19. Crystalline material observed at the aluminum-sapphire
interface.

(On cooling from 1300°C,

(1120) sapphire

surface, x3000)...........................................
20. Directional arrangement of crystals grown at the aluminumsapphire interface.

(On cooling from 1300°C,

{1120}

43

IX

Figures

Page
sapphire

surface, x700)..................................

43

21. Crystals grown on a {0001} sapphire surface beneath
the Al drop.

The difference in (a) and (b) is the

focus distance.

(On cooling from 1300°C, xl000) ........

44

22. Crystals grown on a {0001} sapphire surface beneath
the Al drop.

(On cooling from 1300°C, x3000)........... 45-46

23. Crystals grown on a {1120} sapphire surface beneath
the Al drop.
in (a).

The viewing angle is higher in (b) than

(On cooling from 1300°C, x1000) .................

48

24. Crystals grown on a {1120} sapphire surface beneath
the Al drop.

(On cooling from 1300°C, x3000)........... 49-50

25. Crystals grown on a {1012} sapphire surface beneath
the Al drop.

(On cooling from 1300°C, x3000)...........

51

26. Crystals grown on cooling from 1500°C showing complex
shapes on (a) {0001 } and (b) {1012 } sapphire surface.
(x1000) ....................................................

52

27. Complex shapes of crystals grown on cooling from 1500°C
on a {1120} sapphire surface.

((a) x 1000, (b) X3000)....

53

28. Some crystals grown on cooling from 1500°C show a simpler
shape.

({1012} sapphire surface, x3000).................

54

29. Simpler shapes of crystals grown on cooling from 1500°C
on a {1120} sapphire surface.

((a) x 1000, (b) x3000)....

55

30. The aluminum-sapphire interface where the Al was
totally evaporated during the experiment temperature.
({1120}

sapphire surface, x1000) .........................

57

X

Figures

Page

31. Crystals grown on a curve that once was the sessile
drop periphery, the drop moved from lower-right to
upper-left in this photograph after it had stayed at
the initial position for a certain length of time.
(On cooling from 1400°C,

(0001} sapphire surface,

x50 , photographed through the sapphire) .................

58

32. In focus, in the foreground, crystals (dark-colored with
-an inclined top surface) grown along a specific straight
line on a {1012} sapphire surface can be seen.

(On cooling

from 1300°C, x500)........................................

60

33. Crystals grown preferentially on several straight lines
beneath the Al drop.

(On cooling from 1300°C,

{1120}

sapphire surface, x 1000) ..................................

61

34. SEM photographs of the etch pits formed on a {1120}
sapphire surface after a 1500°C experiment.
((a) x500, (b) X2000).....................................

62

35. Etch pits on a {1012} sapphire surface after a 1400°C
experiment.

(x160).....................

63

36. The pattern of surface steps on a {1120} sapphire
surface after a 1500°C experiment.

(x50)................

65

1

I. INTRODUCTION

An understanding of the interfacial phenomena between metals and
ceramics is of both scientific and engineering interest because in
many technological applications like ceramic-metal and glass-metal
seals, ceramic-metal matrix composites, and thin metal films bonding
on ceramic substrates, there exists a metal-ceramic interface upon
which many properties depend.
The sessile drop experiment is one of the conceptually simplest
methods used to investigate the interfacial behavior between molten
metals and ceramic substrates.

When this method is used at high tem

peratures, however, it requires very sophisticated and experimentally
difficult techniques to obtain meaningful data.

Not only can the

interfacial energies and work of adhesion be determined but, with
proper interpretation, it also provides valuable information on the
degree of wetting or the intimacy of interfaces and the existence of
interfacial reactions which may not be recognized and therefore over
looked.
Sketches of cross-section planes perpendicular to the interfaces,
passing through the central vertical axes of sessile drops are shown
in Figure 1.

The effect of gravitational forces can be neglected if

the drops are small enough.

The term "contact angle", 6 ,

is defined

as the angle between the solid surface and the tangent to the liquid
surface at the contact point.

Under chemical nonreactive conditions, a mechanical balance of
the horizontal forces gives us a steady-state contact angle and the
familiar Young-Dupre equation[l]:

2

nv

7iv

(a)

(b)

Figure 1. Sessile drop configurations:
ting.

(a) wetting and (b) nonwet

3

7 Sv - 'Ysl “ 7lvcose
where 7 S V , 7 sp, 7 qv are the solid-vapor, solid-liquid, and liquidThe contact angle 6 is a

vapor interfacial energies, respectively.

direct measurement of the degree of wetting of the solid by the liq
A liquid is said to wet the solid if 9 < 90°.

uid.

When a reaction occurs, which is the case between aluminum and
alumina in this study, the differential free energy of reaction, dG,
per differential unit interfacial area, dA, and differential unit
time, dt; enhances the driving force for wetting as indicated by the
inequality[2,3]:
-dG
7sv - ( 7S1 +

)

>

7lvcos0

(2)

Therefore, under chemical nonequilibrium conditions, the interfa
cial energy

will initially decrease by an amount equal to the

magnitude of (-AG/A) for the effective chemical reaction at the inter
face..

Static values of ysp can be reached only after the completion

of the reaction at the interface followed by its continuation into the
bulk regions by diffusion[2 ] .
Adsorption of minor impurities at the interface can also cause a
change in the interfacial energy.

Gibbs[4] showed the relationship

between adsorption at an interface and 7 as:
(d7/dMi)T =

-r

(3)

where /j.j_ is the chemical potential of the adsorbed species, i.

F is

defined as dn/dA or the surface excess, which is the excess moles of
the adsorbed species per unit area of the interface.

Equation

that adsorption of foreign species at an interface results in a
decrease in the surface energy of that interface.

3

shows
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The aluminum/a-alumina system is attractive for the development
of a composite material because the high melting point, chemical sta
bility, low density, high elastic modulus, and high temperature
strength of the single-crystal a-alumina (sapphire) whiskers can
greatly enhance the high temperature strength and strength-to-density
ratio of an already very useful, lightweight engineering metal[5].
A fundamental knowledge of the energetic, atmospheric and crys
tallographic parameters which govern the interactions of high purity
aluminum'and high purity single crystal alumina at high temperatures
is essential to the complete understanding of the performance of these
materials wherever they are used both together and separately.
Sessile drop studies on the AI/AI 2O 3 system have been conducted
by several investigators previously[5-16].

Because of the strong

affinity of aluminum to oxygen most of their experiments were con
ducted in a vacuum environment.

In this study, significant oxidation

of the molten aluminum at elevated temperature was avoided by using a
drop implacement method and an atmosphere of low oxygen partial pres
sure.

Profiles of the molten drops and, hence, the contact angles

were periodically recorded throughout the entire 8 -hour experiments.
In this study, the differences in the results between the current
study and previous ones will be compared and discussed with regard to
the effects of the ambient pressure.

Also, the crystal growth at the

solid-liquid interface which has also been observed by some of the
previous investigators[7,8 ,10 ] will be studied in more detail.

II. LITERATURE REVIEW

A. SURFACE RECONSTRUCTION OF a-ALUMINA
Low-energy electron diffraction (LEED) study of single-crystal
a-alumina surfaces was first reported by Charig[17],

A reversible

surface transformation on the (0001 ) surface was observed and found to
be a function of the temperature of heat treatment of the sapphire.
Two obviously different diffraction patterns resembling the surface
structures could be obtained by heat treatment of the alumina either
above 1000°C or in the temperature range 700-900°C.

This author also

found the extinction of all diffraction beams of the high temperature
(complex) pattern occurred on exposure to air at atmospheric pressure
during heating. However, observations made on the (1012) surface of
a-alumina did not reveal a parallel effect.
It was suggested that the high temperature surface structure was
the cleaner, more reactive condition and was a surface reconstruction.
Oxygen was found during heating while the partial pressures of H 2 , CO
and CO 2 were also increased.
Further examinations on several crystallographic planes of
a-Al 203 were done in silicon-on-sapphire epitaxy studies[18-21].
Charig and Skinner[18] derived the complex high temperature pattern of
the {0001 } alumina surface to be a ( J 31) structure relative to the
bulk structure. This transformation was thought to be dependent on the
vacuum condition during heat treatment.

Formation of an oxygen-

deficient surface layer of A10 was proposed, and the pos
sible impurity effect was excluded.
Surface reconstruction of the {1012} plane was determined to be

6

(2x1) from the (1x1) bulk structure[19].

The (lxl) to (731x731)

transformation was found to be temperature irreversible by Chang[20]
which contradicted the Charig's results[17].

For the {1120} plane,

the high temperature diffraction pattern is very complex[21 ] and will
not be -described here.

In all these studies[19-21], the high tempera

ture surface structures were believed to represent the clean surfaces.
French and Somorjai[22] did an even more detailed study on the
composition and surface structure of the {0001 } face of a-alumina.
Upon heat treatment under vacuum above 1250°C, the order-order phase
transformation [AI2O 3 {0001}(lxl) -> rotated(731x731)] occurred and it
is accompanied by the loss of oxygen.

This structural change was

found reversible and either surface structure can be obtained alterna
tively by heat treatment of the sample in oxygen (>10'^ atm) or in the
presence of excess aluminum.

When aluminum metal was condensed on the

{0001 } alumina surface, the surface reconstruction could occur at
about 800°C.
A recent study using transmission electron microscopy (TEM) to
examine several sapphire planes obtained a slightly different
result[23].

Nevertheless, at high temperature it was always found

that under certain conditions the periodicity, or even the symmetry,
of sapphire surface structures was different from that of the ideal
bulk structures.

The normal properties of sapphire could have quite

different values at the surface[17-21].

Compounds with unusual oxida

tion states which would not be stable in the solid state may be stabi
lized in the surface environment[22 ].
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B. REACTION BETWEEN Al AND A1 20 3
Brewer and Searcy[24] measured the vapor pressures of aluminum
and of alumina by the Knudsen effusion method.

The authors found the

A120 gas was evolved when Al 20 3 was heated with aluminum or another
reducing metal.

Similar studies on the Al-Al 20 3 system using a mass

spectrometry were done by Porter et al.[25] and Drowart et al.[26] in
which Al20 gas was also detected and was identified directly in the
mass spectrometer.

The equation for this reaction is:

4A 1 (1 ) + Al2°3(s) = 3A 12°(g)

(4 )

Yanagida and Kroger[27] determined that the only stable condensed
phases in this system were a-Al 20 3 and Al, and there was no indication
of the existence of crystalline aluminum suboxide.

The authors stated

that the results of the formation of solid phases of Al20 and AlO at
high temperature reported earlier, e.g. by Hoch and Johnston[28], were
misinterpreted and not correct.

C. SESSILE DROP STUDIES OF Al ON Al 20 3
Livey and Murray[6 ], while studying a variety of oxides and car
bides, found that molten aluminum did wet polycrystalline alumina at a
temperature of 1255°C.
Capnahan et al.[7] studied the wetting of single-crystal and
polycrystalline alumina by molten aluminum at temperatures near
1200°C.

A significant difference in the spreading behavior on the two

substrates was found:

in the case of aluminum on recrystallized

A1 203 , the contact angle attained a steady value, whereas on sapphire
the drop was observed to spread and contract repeatedly.

8

Wolf, Levitt and Brown[5] studied the wetting of aluminum on
sapphire over a temperature range 700-1150°C.

Above 925°C these

authors found that the sapphire was partially dissolved by the alumi
num and even below this temperature they found some evidence of
attack.
Brennan and Pask[ 8 ] studied the effect of the nature of surfaces
on wetting of sapphire by liquid aluminum under vacuum conditions from
660°C to 1250°C.

The contact angles were found to be essentially

independent of the orientation of the sapphire.

Reaction rings and

crystals grown at the AI-AI 2O 3 interfaces were observed.

The reaction

between Al and the sapphire substrates occurred at contact angles less
than 90°.

The effect of oxide coating of molten Al was claimed to be

removed at about 870°C under the vacuum conditions.
Spreading and contraction behavior of the molten Al drop was also
observed by Champion et al.[9]

These authors also found the shape of

the reaction rings depended on the crystallographic orientation of the
substrates:

the reaction profile tended to terminate in certain low

index directions.

Their observations were discussed in terms of the

combined effects of evaporation, chemical reactivity and interfacial
energies in the system.
In p: different paper[10], Champion et a l . reported their observa
tions of crystal growth at the interfaces and etching of sapphire.
They found that the crystals grown a t „the liquid-solid and liquidvapor interfaces were probably a-A^C^, and the formation of etch pits
on sapphire plaques was a result of aluminum vapor attack.

Influence

of oxygen partial pressure on the wetting behavior in the AI/AI 2O 3
system was studied by John and Hausner[13],

Several oxygen partial

9

pressures were established by using different metals as the crucible
materials.
between 1

The range of the oxygen partial pressure investigated were
0

atm and 10 ' ^ atm at 700°C determined from the

equilibrium oxygen partial pressures of C u / C ^ O and Zr/Zr 02 , respec
tively.-

A logarithmic relation between contact angles and the oxygen

partial pressure was reported for the oxygen partial pressure lower
than 1

0

atm.

It should be noted that the equilibrium oxygen

partial pressure at 700°C is 10'^® atm.

Therefore, the aluminum would

oxidize even at this low oxygen partial pressure used in their study.
Recent study of the interfacial phenomena in the Mg-Al-0 system
done by Weirauch[14] claimed to form a true AI-AI 2O 3 interface by
volatilization of all of the Mg in the molten Al-Mg alloy.

The

reported contact angle for this true AI-AI 2O 3 interface was 88±5° at
800°C.
There are many other studies on the AI/AI 2O 3 system but discrepencies in the reported results persist.

As stated by Weirauch[15]

and other investigators, the experimental conditions including sample
preparation, furnace outgassing, heating rate, gas composition, gas
flow rate and total pressure can all affect the wetting behavior.
Therefore, careful interpretation of the observed phenomena is impor
tant in^obtaining correct results.
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III. EXPERIMENTAL SETUP AND PROCEDURE

A. MATERIALS
The aluminum used in this study was 99.999% pure and in the form
of wire 0.3 cm in diameter.

(Aldrich Chemical Co., Inc., Milwaukee,

Wis.)
Schmidt-Viechnicki grown a - A ^ O j (sapphire) windows, supplied by
Crystal Systems, Inc., Salem, MA, were 2.54cm in diameter and 0.16 cm
thick.

They were chemomechanically polished to a surface finish bet

ter than 1 micro inch and were cut at 90°, 30° and 0° from the c-axis;
x-ray diffraction examination showed that these windows had surfaces
of the crystallographic planes {0001}, (1012} and {1120 } respectively.

B. APPARATUS
The experimental setup is schematically shown in Figure 2.

The

gas flow lines were arranged in such a way that the oxygen partial
pressure (p q ) of the flowing gas could be measured either before
2
entering or after exiting the sessile drop furnace.
Several 3-way
solenoids were used in T-junctions in the flow lines to control the
path of the gas flow.

High purity H 2 was used to obtain the lowest

Pq

and was mixed with high purity He, which had a higher oxygen
2
content, at a certain ratio when higher p q 's were desired.
2
Flow rates of all gases used were controlled by digitally con
trolled mass flowmeters.

The two basic components were:

1. Sessile Drop Furnace.

The sessile drop experiments were

carried out in a horizontal, water-cooled, molybdenum wire wound high
purity, dense, impermeable alumina tube furnace,

(see Figure 3).

Sap-
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Figure 2. Arrangement of the gas flow lines for measuring the

(1) before, and (2)

pq

2
after the sessile drop furnace.

(P denotes the pressure gage)

12

phire substrates were placed on an alumina "D"-tube which was inserted
into the hot zone before each experiment.
An alumina "doser" tube with only one end open had a small ori
fice with an area less than 4 mm^ cut by a diamond drill near its
closed end.

This hole from which the molten Al came out during the

experiment was always 1-1.5 cm directly above the sapphire substrate.
Gas was adjusted to flow at a rate of 1 cm/sec inside the furnace tube
to assure the equilibrium condition.
One' of the purposes of using a doser to place the molten drop
onto the substrate was to let the adsorbed gases on the sapphire sur
face reach an equilibrium state with the gaseous atmosphere at the
experiment temperature before forming the solid-liquid interface.

The

second was to create a fresh aluminum surface, i.e. breaking any oxide
layer on the surface, by extrusion of the molten aluminum through the
doser orifice during the drop implacement process.
Temperatures were controlled with a W-5%Rh/W-26%Rh thermocouple
within ±2°C and the actual temperature of the sessile drop was meas
ured with calibrated optical pyrometer.

Drop profiles were photogra

phed with a camera using Polaroid type 55 positive/negative films, and
the contact angles were measured directly from the photographs.

Both

the pyrometer and the camera viewed through the gas-tight "quartz"
view-port on one end of the tube furnace.

Forming gas (N2 with 10%

H 2) was used to prevent the oxidation of the molybdenum heating
element.
2, Oxygen Sensor.

This consisted of a sealed, high temperature

yttria-thoria galvanic cell placed in a tube furnace operated at
1000°C.

See Figure 4.

The cell was designed to measure the tempera-

Figure 3. Cross-section of the sessile drop furnace.
(B)

Experimental gas outlet,

(A) Experimental gas inlet,
(C) Doser tube,

(D) "D" tube (also an experimental gas inlet),

(E) Sapphire substrate,

(F)

"Quartz" view-port,

(G) Thermocouple,

(H)

Heating element,

(I) Cooling water.
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ture and the

simultaneously. A Pt/Pt-10%Rh thermocouple was
2
installed from the reference gas outlet so that it would touch the tip
pq

of the ThC>2 - 7wt% Y 2O 3 tube from inside and measure the temperature
at the exact point on the tube where the galvanic electromotive force
(EMF) was produced.
The reference gas and the H 2 gas of unknown

(experimental
2
gas) to be measured passed separately on opposite sides of the solid
electrolyte wall.

pq

Platinum paste electrodes were used since they

satisfy the necessary requirements of high temperature stability, good
electrical conductivity and porosity.

The porosity is needed so that

the oxygen can reach the solid electrolyte and interact with it.

The

Pt paste was applied by painting the outside of the yttria-thoria tube
and then baking at 800°C for one hour.

The galvanic EMF output from

the cell was measured between the Pt electrode and the Pt wire of the
thermocouple with a chart recorder.
CO/CO 2 buffering system (1:1 by volume) with a p 0
at 1000°C was used as the reference.

of lO '-*-^-2 atm
2
The value of oxygen partial

pressure with a specific EMF output at 1000°C was calculated by the
following equation:

p0

-4F x EMF
= 10 ‘14-2 x exp( ----------2
RT

)

(5)

where F is the Faraday constant;
R is the universal gas constant;
T is the measuring temperature in °K, which is 1273°K in this
study.
This

at 1000°C was related to the actual p q
at the
o
2 (T)
specific temperature T in the sessile drop furnace by the simplified
pq

15

F

(C) Experimental gas inlet,

(D) Experimental gas outlet,

(E) Reference gas inlet,

(F) Reference gas outlet,

Temperature measured between (G) and (H),
Cell galvanic EMF output measured between (H) and (I),
(J) Heating element,

(K) Cooling water.
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equation:
Kq
PO
2 (T)
where KqooO°C anc^

( 6)

x (.

PO

K 1000°C

2 (1000°C)

are

equilibrium constants at 1000°C and T°C,

respectively, of the mass action:
PH ‘ PO
2
2

1/2

K =

(7)
PH 0

2
for the reaction:

H 2°(g) = H 2 (g) + j ° 2 (g)

(8)

Pq

measured after the sessile drop furnace was always higher
2
(about one order of magnitude) than that measured before the sessile
drop furnace.

This was rationalized on the basis of the relatively

more fittings and junctions in the flow path for the former measure
ment producing more possible leaks in the system.

Another factor is

the oxygen pick-up in the sessile drop furnace from desorption, and
partial reduction of the many alumina parts, i.e. furnace tube, "D"tube and substrate itself.

Nevertheless, the

measured after the
2
sessile drop furnace was used to indicate the highest possible value
pq

in the experiment.
Barsoum[29] has presented a more detailed discussion of the solid
electrolyte theory and a calculation of the oxygen partial pressure at
the specific temperature.

C, PROCEDURE
The aluminum wire was cut into small sections of 2.5 cm each in

1/

length with six such sections for a total weight of about 0.3 g in
each run.

They were then etched in 10% NaOH for 15 minutes, tho

roughly washed in deionized water, rinsed in acetone, and dried.
These small aluminum wires were carefully loaded into the doser tube
near the exit orifice which would be located at the hot zone during
the experiment.

The sapphire substrates were used as received.

Both

the "D"-tube and the doser tube were cleaned carefully before each
run.
The' system was purged with high purity H 2 for several hours
before and during heating of the furnace, the heating rate was
15°C/hour below 200°C and then ramped to approximately 500°C/hour in
the subsequent heating period.

After the desired temperature and

atmosphere were reached, a steady state was achieved in about one
hour.

Then the molten aluminum was forced to fall on the sapphire by

creating a buffer gas pressure differential in the doser tube.

This

step took about 5 to 20 seconds, decreasing with increasing tempera
ture due to the lower viscosity of aluminum at higher temperature.
This pressure differential was produced by temporarily closing the gas
flow to the furnace while keeping that to the doser tube opened.

The

pressures inside the furnace and inside the doser tube due to the gas
flow were able to be measured separately with a sensitive pressure
gage (see Figure 2).
When the voltage output of the pressure gage connected to the
doser tube dropped suddenly, which indicated that there was no
"obstacle" any more to block the flow path inside the doser tube, i.e.
the molten aluminum had come out of the tube, a photograph was immedi
ately taken and defined as the sessile drop profile at the zero time.
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Subsequent drop profiles were photographed at increasing time inter
vals throughout the duration of the experiment which was 8 hours.
After the furnace had cooled down to room temperature, which
required about 14 to 20 hours depending on the experimental tempera
ture, the' sapphire substrates with the bonded aluminum sessile drops
were taken out of the furnace for further microscopic studies.

Some

of the aluminum drops were etched away in a 10% NaOH solution for
direct observation of the sapphire substrates at the solid-liquid
interfaces.
Subsequently, profHometry measurements were made on the sapphire
substrates, on which the aluminum drops have also been etched away, to
examine the sapphire surfaces after the wetting experiments.
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IV. RESULTS AND DISCUSSION

A. GENERAL OBSERVATIONS
First of all, it is worthwhile to discuss the volume decrease of
sessile drops during experiments under different external pressures.
Several investigators[7,9] had implied in their reports for the
AI/AI 2O 3 system that the volume reduction of the sessile drop has been
an important factor in the contact angle kinetics and the resulting
reaction ring.
For example, in disscussing the cyclic spreading and contraction
behavior of an aluminum sessile drop on sapphire, Carnahan et al.[7]
stated that the term 7 ]_v cos 0 increased not only because of the spread
ing of the drop due to the dissolution of sapphire beneath the drop,
but also because of the volume of aluminum is decreasing due to evapo
ration (see Figure 5).

They further stated that when the situation of

unbalanced forces occurs, i.e., 7^v cos 0 + 7 'spcos 0 > 7SV, the drop
suddenly contracts to assume its pseudoequilibrium configuration on
the flat surface.

The reported contact angle varied from 47° before

contraction to 80° after contaction at 1200°C with a period of 30 to
40 minutes.
Champion, Keene and Sillwood[9] suggested a similar but more
detailed mechanism for the contact angle kinetics (see Figure 6).
They even built a separated step (step d) in their mechanism to empha
sis the loss of mass of the drop by evaporation.
contraction,

The magnitude of

i.e. the change in contact angle, has been reported to be

as large as 44° at 1350°C with a contraction interval of 36 minutes.
Besides the evaporation effect at high temperature in studies of
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VAPOR

LIQ UI D
ALUMINUM

rT77~7

SV

SO LID
SAPPHIRE

Figure 5. Diagram of resolved forces acting at the periphery of the
drop when dissolution takes place.

7 'si is the solid-

liquid interfacial force for a sapphire surface making an
angle [5 to the original surface.
al.[7])

(After Carnahan et
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Figure 6 . Diagram of resolved forces acting at the periphery of the
drop when reactions take place.

(a) Initial situation:

7 SV = 7 -j_v cos 0 + 7 l s ; (b) situation after reaction has
started:

7 SV > 7 ]_v cos 0 + 7 pscosa; (c) situation after drop

has spread:

7 SV > 7 ^v cos 0 ' + 7 ^scosa'; (d) situation after

drop has spread and there has been some evaporation,

imme

diately prior to a contraction: 7 SV < 7 ;pv cos#" + 7 pscosa';
(e) situation immediately after a contraction.
Champion et al.[9])

(After
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this kind, an aluminum sessile drop can also lose mass by chemical
reaction with the alumina substrate to produce gaseous AI 2O ^ [24-27]:
4A1(1) + A12°3(a) = 3Al2°(g)
The rate of this reaction is governed by the rate of removal of
the reaction product.

Regardless of how the volume of the aluminum

drop decreases, the rate is dependent on the external pressure above
the sessile drop.
The atmospheric pressure used in this study (1 atm) was much
higher than those of the earlier similar studies which were carried
out in vacuum in the range of 10'^ atm [7] or 10'3 atm [9] to prevent
the oxidation of aluminum and maintain clean surfaces.

Although the

oxidation and cleanliness has been well controlled in the present
study by a different, approach, the observed wetting behavior was quite
different from those reported earlier, mainly due to the difference in
the experimental total pressures used.
The loss of volatile species is expected to be greater under low
pressure (vacuum) which is confirmed by comparison between the
observed results of the current study with those of previous ones.
For a typical run at 1300°C in this study, about 85% of the diameter
of the aluminum drop survived after eight hours; and, by examining the
photographs of Champion et al.[9], the final drop diameters were 20 to
50% of their original dimension after a 90 minute duration.

Because

of this external pressure effect, the rate of the volume decrease of
the aluminum drops in this study was much slower than in vacuum.
Hence, while the volume of the drops was decreasing mildly and conti
nuously, the contact angles decreased smoothly with no sudden step
phenomena like periodic spreadings and contactions, which were
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reportedly accompanied by large variations in contact angle.

However,

reaction rings, an evidence for chemical reactions in this system,
were always observed and their number, which in previous works usually
corresponded to the number of spreading/contraction cycles of the
drop, was always found to be only one (see Figure 16).

B. CONTACT ANGLE
Results of the aluminum/sapphire contact angle at different tem
peratures are plotted as functions of time on Figures 7 to 9;

these

figures represent values measured from molten aluminum drops on each
of the three orientations of sapphire used in this study.

A wetting

condition (0 < 90°) occurred in every case except in the first few
minutes after a drop had been placed on the sapphire at 1200°C.

It

can be seen that aluminum was found to wet sapphire under all of the
experimental conditions shown.
The effects of several factors on the wetting behavior of this
system have been investigated.
1.

Effect of Sapphire Orientation.

Although Carnahan et a l .[7]

stated that the contact angle values, immediately after each contrac
tion, were no doubt sensitive to the orientation of the sapphire win
dows used, only sapphire windows with the c-axis at 60° to the sur
faces were used by them.

Neither direct evidence nor results have

been shown to support their proposal.
The similarity of contact angle values among the three orienta
tions of sapphire used (Figures 7 to 9) agree with Brennan and Pask[ 8 ]
that the contact angles were essentially independent of the orienta
tion of the sapphire.

No difference in surface energies of the three
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Figure 7. Plot of contact angle, 8 , v s . time for aluminum on a {0001}

sapphire surface at temperatures ranging from 1200°C to
1500°C.

Contact Angle

(degrees)
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Time
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Figure 8 . Plot of contact angle, 9 , v s . time for aluminum on a {1012}

sapphire surface at temperatures ranging from 1200°C to
1500°C.
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Figure 9. Plot of contact angle, 9 ,

5

vs. time for aluminum on a {1120}

sapphire surface at temperatures ranging from 1200°C to
1500°C.
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sapphire orientations in this temperature range could be detected
which would substantiate the surface reconstruction argument [17-23],
It was also postulated[30] that because of the surface recon
struction of the sapphire surface, the 7SV became increasingly less a
function of crystallographic orientation.
2, Effect of Oxygen Partial Pressure.

A series of runs at 1300°C

were carried out to study the wetting behavior under various pg
2
The lower pg limit
2
was achieved by using the driest H 2 obtainable with the experimental
ranging from l O ' ^ atm to 10'-^ atm (Figure 10).

apparatus used, and the higher limit was determined by the requirement
that no severe oxidation would occur during the 8 hour experiment to
obscure the drop profile preventing the measurement of the contact
angle.

of the AI/AI 2O 3

It should be'noted that the equilibrium pg

2
system at 1300°C is approximately 10"^® atm.

Therefore, some (however

small) oxidation of the aluminum was expected in current study as in
all previous studies of molten aluminum in this or lower temperature.
The results shown in Figure 10 are quite similar to each other
under various pg .

The extremely low equilibrium pg

2

of this system

2

and the relatively narrow range studied precluded the systematic
results obtained for other systems with higher equilibrium pg [31] and

2
for the''same system under the pg

from 1 0 " ^ atm to 10’^

atm at 700°C

2
[13].
3, Effect of Time.

Fluctuations in the values of contact angle

during the first 30 to 60 minutes after a drop of molten aluminum had
been placed on the substrate suggested that the newly formed sessile
drop was not in its stable position and shape.

This was caused by the

sessile drop moving on the sapphire surface, along the viewing line or

Contact tingle

(degrees)

Contact Rngle

(degrees)

Contact Angle

(degrees)
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Figure 10. Plot of contact angle, 6 , vs. time for aluminum on a {0001}
sapphire surface at 1300°C under various oxygen partial
pressures.
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orthogonal to that line or a combination of both, which could be
observed from the photographs or the reaction marks left on the sap
phire surface after the experiment.

This kind of irregular and unpre

dictable movement always produced a situation of advancing/receding
contact angle and therefore made the contact angles of the drop not
representative and dissimilar from one side of the drop to the other.
Although it is possible to calculate the advancing or receding effect
on contact angles[32], whenever unequal angles were observed the aver
age value was used as the result since the exact direction the drop
moving was not known, and movements of the drop toward and/or away
from the observer were not detectable during the run.
Spreading of the drop resulting in an increase in contact area
was observed sometimes near the beginning of a run.
decreased continuously as time elapsed;

The contact angle

although the change in the

last few hours was small and seemed to be within the limit of error of
the recordings and measurements, the decreasing tendency could not be
overlooked after careful comparison between the final few photographs.
The factors that could account for the continuously decreasing
contact angles during the experiments include:
(i)

A decreasing ypv caused by continuous adsorption of oxygen

on the liquid surface or the reaction product, AI 2O, on the liquid
aluminum surface.

This is possible if a fresh surface is created in

placing the drop on the sapphire using'a doser tube, and this clean
surface adsorbs gaseous atoms afterwards.

Goumiri and Joud [33]

reported a plot of aluminum surface tension (equivalent to the surface
energy) vs. oxide coverage (Figure 11) which showed an asymptote
toward a constant surface tension value for the coverage of one mono-
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Figure 11. Plot of aluminum surface tension vs. oxide coverage.
(After Goumiri and Joud[32])
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layer as expected.

A strong decrease in aluminum surface tension at

initial oxidation could be responsible for the unsteady state of the
sessile drop immediately after placement.

The occasionally observed

spreading behavior of the sessile drop near the beginning of an exper
iment could also be a consequence of this decreasing 7 pv .
(ii)

An increasing y sv due to the transformation of alumina

surface structure to a higher energy state [8 ].

This surface struc

ture transformation effect during the contact angle measurement period
is not likely because the whole system was held for one hour at the
experimental temperature prior the drop implacement and it is doubtful
that, if the transformation occured during the experiment, it would
take a time longer than the eight-hour experimental time.
(iii)

A decrease in 7 ^

by the interfacial reaction.

For a

sessile drop experiment under chemical nonequilibrium condition, the
interfacial energies and thus the contact angle will be continuously
changing until the system reaches a state of chemical equilibrium [2 ].
Volume changes occurring during the reactions, if significant, will
also affect the physical configuration of the system.

Following Pask

[3], an inequality (Equation (2)) can be written to illustrate the
effect of a chemical reaction at the interfaces:
-dGR
7Sv ' <7S1 + ------- ) > 7lvcos^
dA- dt

(2)

where the second term inside the parentheses represents the free
energy of reaction per unit interfacial area and unit time.

This is

the amount that the interfacial energy, 7 sq, decreases when a chemical
reaction occurs and is also the driving force for wetting.
(iv)

That the configuration change at the drop periphery
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resulted in minimizing the effect of 7 S^ which had been suggested by
earlier investigators [7,9].

Nevertheless, a photograph (Figure 12)

was taken at the cross section to show this effect.

It also showed

that the attack of the sapphire by the liquid aluminum would affect
the observation of a "true" contact angle because the bottom of the
drop profile had been blocked by the unreacted sapphire surface (see
Figure 13).

As the experiment proceeds, this penetration depth of the

Al drop into the substrate will be expected to be greater and greater,
and therefore, even if the true contact angle remains the same value,
the observed contact angle will be continuously decreasing due to this
geometric effect.

This could be the main reason for the decreasing

tendency of contact angles in the last few hours of the experiments
and could explain why a constant equilibrium contact angle was not
obtained in this study.
4,

Effect of Temperature.

As illustrated in Figures 7 to 9 that

increasing the temperature decreased corresponding contact angle val
ues, as expected.
Experiments were performed between the two temperature limits:
1200°C for the lowest temperature required to control the oxidation of
aluminum.
lowest

(Lowering the temperature will increase both the achievable
and the equilibrium

pq

, but produce a net larger differ-

pq

2

2

ence between the experimental

and the equilibrium

pq

2

.

pq

Therefore,

2

the aluminum will oxidized more easily at lower experimental tempera
ture.)

1600°C at which the reaction between aluminum drop and sap

phire was greatly enhanced and making accurate contact angle measure
ments more difficult.

The vigorous chemical reaction at 1600°C

reduced the eight-hour observation of the contact angle because the
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Supporting Material

Sapphire

Supporting
Material

Figure 12. Picture at the cross section of a sapphire substrate cut
through the Al drop and the Al drop was removed afterwards.
The periphery of the drop was marked by Ag paste which
appears white at both sides of the substrate.

It can be

readily seen that the central region of the substrate where
the Al once stayed is actually curved downwards due to the
consumption of the sapphire by the interfacial chemical
reaction.

(1500°C,

{0001} sapphire surface, xlO)
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Initial
Prof

pro file

e due to v o l u m e d e c r e a s e

Figure 13. Exaggerated drawing of the sessile drop profile illustrates
the relation between the true (9 ') and the observed ( 8 )
contact angles.
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drop was almost invisible after 7 hours (Figure 14) and had almost
penetrated through the thickness of the substrate (0.16 cm).
figure 15(a).

See

Figure 15(b) is a top view of the sessile drop reveal

ing the sapphire substrate surface steps as a result of the reaction
with molten aluminum.
The increased chemical reaction rate at this temperature was also
observed in Reference 24.

C. REACTION RING
As previously mentioned in section A, only one reaction ring was
observed in each run of this study.
viewing through the substrate.

Figure 16(a) is a photomicrograph

The reaction ring can be seen clearly

between the periphery of the final aluminum-sapphire interface and the
sapphire surface untouched by the aluminum.

The photomicrograph on

Figure 16(b) is a nearly horizontal view at the periphery of the reac
tion ring taken with a scanning electron microscope (SEM).
In some cases, usually at higher temperatures like 1500°C,
morphology of the sapphire substrate surface could be seen inside the
region of a reaction ring.

Figures 17(a),(b) were taken from the top

of the substrate with an optical microscope.

The 6 -fold symmetry of

the surface plane, which was (0001 ), the basal plane, could be evi
denced by the equivalent hexagonal forms in these pictures.

The hexa

gonal regions were found to be higher than their neighboring area by
comparing the focus distances of different regions.

This suggested

that the attack by the liquid aluminum on the (0001 } basal plane may
occur from the edges of the basal plane rather than from the top.
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Figure 14. The Al drop was almost invisible at the end of a 1600°C
run.

Time elapsed:

hours.

(a) 1 minute,

(b) 3 hours and (c) 7
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Fieure 15.

(a) The cross-section (x4), and (b) the top view (xl2) of
an Al drop on a {1120} sapphire surface after the exper
iment at 1600°C.
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Figure 16. The periphery of a sessile drop viewed by (a) an optical
microscope through the transparent sapphire, and (b) SEM at
low angle (7-10°) from the sapphire surface.
{0001} sapphire surface,

(a) x50 and (b) xlOO)

(1300°C,

39

(b)
Figure 17. Morphology of sapphire surface shown in the reaction ring
area.

(1500°C,

(0001} sapphire surface, x50)
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The maximum reaction ring depth obtained in this study (see
APPENDIX) along with those reported by other investigators are plotted
as a function of temperature in Figure 18.

As shown in this plot, all

the data points, except the one at 1200°C (8.3 on the 10^/T scale) for
the (1012 ) substrate, lie approximately on a straight line while the
values reported by others fall to the right of the line.

For the

relatively long time and high temperature used in this study, this is
another evidence that AI-AI 2O 3 interfacial reaction proceeded much
more slowly in this study than in previous ones.

D. CRYSTAL GROWTH AT THE LIQUID-SOLID INTERFACE
Recrystallization of a-alumina at the aluminum-sapphire interface
had been reported by other workers.

Brennan and Pask[8 ] observed

small angular needlelike crystals at the interface of a specimen that
had been heated to 1300°C.

They found this occurred whenever the con

tact angles were less than 90° and thought it to be evidence of some
solution of an oxide species which crystallized out on cooling down
from the higher temperatures.
In addition to the angular needlelike form observed by Brennan
and Pask, Champion et al.[10] also observed crystals with a fine net
work sturcture, dendritic forms or layered-terrace structures and
concluded that they were actually a-alumina.

They also found that

these forms of recrystallized alumina crystals, which were observed
only at experiments carried out above 1270°C, were dependent on time
and temperature.
In this study, after the sessile drop experiments the samples
were examined through the transparent substrates with an optical

Ln (Mix. Reaction Ring Depth in microns)
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10^ / (Temperature in °C)

Figure 18. Plot of the maximum reaction ring depth vs. temperature.
Values from current and other reported studies.

42

microscope.

Unlike those reported by the above authors, small black

dots were observed at the aluminum-sapphire interfaces (Figure 16(a)).
These dots were still visible after the aluminum drop had been removed
completely with a 10% NaOH solution.

Therefore, these small dots must

not be metallic and were somehow bonded to the sapphire substrate
quite well.
The SEM picture shown in Figure 19 is a closer look at these
particles from top of the substrate.
crystalline structure.

The faceted shapes suggest a

And the hexagonal form of some faces of these

particles .may imply a corundum structure and that they are very possi
bly a-alumina, similar to what had been observed by earlier work.
Figure 20 shows that certain faces of individual crystals were
parallel to each other and all aligned in a certain direction.

Since

these crystals exhibited good adherence to the substrate, it suggested
that the growth of these crystals had some relation to the orientation
of the substrate.

This is not unreasonable if these crystallites had

nucleated and grown epitaxially at the surface of the a-alumina single
crystal substrate.
To observe the shapes and orientation of the crystals more
clearly with respect to their relation to the substrate, SEM pictures
were taken at an angle of 7 to 10 degrees above the substrate surface.
Figures 21 and 22 show the crystals grown on the (0001) surface plane.
The top face of these crystals were horizontal and parallel to the
substrate surfaces with side faces making an angle about 60° to the
top faces. Plateform-like top surfaces were found for some crystals
(see Figure 21).
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Figure 19. Crystalline material observed at the aluminum-sapphire
interface.

(On cooling from 1300°C,

{1120} sapphire

surface, x3000)

Figure 20. Directional arrangement of crystals grown at the aluminumsapphire interface.

(On cooling from 1300°C,

sapphire surface, x700)

{1120}
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Figure 21. Crystals grown on a {0001} sapphire surface beneath the Al
drop.

The difference in (a) and (b) is the focus distance.

(On cooling from 1300°C, xlOOO)
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(b)
Figure 22. Crystals grown on (0001) sapphire surface beneath the Al
drop.

(On cooling from 1300°C, x3000)
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Figure 22. Crystals grown on (0001) sapphire surface beneath the Al
drop.

(On cooling from 1300°C, x3000)
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Figures 23(a),(b) show crystals grown on the {1120} surface
plane.

The forms of these crystals were mostly like those on the

(0001) surface plane with flat top faces and side faces declined at
60°.

But they were found more often to be bar-like with hexagonal

cross sections (Figures 24(a) to (c)).
However, the crystals on (1012) surface planes had inclined top
faces which made an angle at about 30° to the substrate surfaces,
indicating that the top surfaces were parallel to the c-axis (Figures
25(a),(b)).
Those crystals shown in Figures 21 to 25 were all from exper
iments carried at 1300°C.

When crystals formed from higher tempera

tures (e.g. 1500°C) were examined, the shapes became complex and
irregular (Figures 26 and 27).

This is probably because the rela

tively rapid rate of cooling the specimens initially from the high
temperature complicated the recrystallization process, and because the
more enhanced reaction between aluminum and sapphire at higher temper
atures, which produces A ^ O ^ g ) , resulted in a greater concentration of
oxide species in the molten aluminum.
Examinations of some crystals of simpler forms showed that cer
tain faces of the crystals suddenly changed their dimensions as shown
in Figures 28 and 29.

It is proposed that, during the cooling period,

a second nucleation had occurred at the faces of the crystals possibly
due to the larger amount of oxide species contained in the liquid
aluminum at higher temperature.
It has been suggested by previous investigators[8 ,9] that the
reason for recrystallization was a result of pre-dissolved oxide
species precipitated from the saturated solution duing the cooling
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(b)

Figure 23. Crystals grown on a {1120} sapphire surface beneath the Al
drop.

The viewing angle is higher in (b) than in (a).

(On cooling from 1300°C, xlOOO)
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Figure 24. Crystals grown on a {1120} sapphire surface beneath the Al
drop.

(On cooling from 1300°C, x3000)
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Figure 24. Crystals grown on a (1120} sapphire surface beneath the Al
drop.

(On cooling from 1300°C, x3000)
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(a)

(b)

Figure 25. Crystals grown on a {1012} sapphire surface beneath the Al
drop.

(On cooling from 1300°C, x3000)
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(a)

(b)

Figure 26. Crystals grown on cooling from 1500°C showing complex
shapes on (a) {0001} and (b) {1012} sapphire surface.
(xlOOO)
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(b)

Figure 27. Complex shapes of crystals grown on cooling from 1500°C on
a {1120} sapphire surface.

((a) xlOOO, (b) x3000)
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(b)
Figure 28. Some crystals grown on cooling from 1500°C show a simpler
shape.

({1012} sapphire surface, x3000)
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Figure 29. Simpler shapes of crystals grown on cooling from 1500°C on
a {1120} sapphire surface.

((a) xlOOO, (b) x3000)
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period.

However, preferential etching of the sapphire surface by the

liquid aluminum drop can also result in similar phenomena.

To deter

mine which of the mechanisms account for this oriented crystal formed
above the substrate surface, one run was conducted so that the alumi
num drop evaporated completely at the experimental temperature before
turning off the furnace power.

The SEM examination (Figure 30) showed

that the surface of the sapphire once had aluminum on it, and was
severly attacked by the aluminum.

But the absence of small crystal

growth above the etched surface confirmed the hypothesis that crys
tallization occurred on during the cooling procedure in the presence
of molten aluminum.
Figure 31 showed an indirect evidence regarding the crystal
growth at this interface.

In this picture, the aluminum drop had

stayed in one position for a period of time then moved from lowerright to upper-left.

The curve on which the crystals lie was once the

periphery of the aluminum drop.

As the reaction between aluminum and

sapphire was expected to be less limited on the drop periphery[7-9],
more reaction product AI 2O would be produced along this region.

The

fact that more crystals tend to grow at this periphery curve as shown
in the figure strongly implied that AI 2O is one of the species which
may form alumina crystals at the liquid-solid interface.
Therefore, the recrystallization of a-alumina could be the fol
lowing equation:
A 12°(g) + ° 2 (g) =

a

12°3(a)

where the oxygen source could be the residual gas atmosphere at the
interface as suggested by Champion et al.[10].

They also included the

possibility of oxygen diffusion through the molten aluminum drop.
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Figure 30. The aluminum-sapphire interface where the Al was totally
evaporated during the experimental temperature.
sapphire surface, xlOOO)

({1120 }
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Figure 31. Crystals grown on a curve that once was the sessile drop
periphery, the drop moved from lower-right to upper-left in
this photograph after it had stayed at the initial position
for a certain length of time.

(On cooling from 1400°C,

{0001} sapphire surface, x50, photographed through the
sapphire)
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Oxygen supplied from the substrate could also be possible.

The

study of the surface structure transformation of sapphire[22 ] indi
cated that when at low oxygen partial pressure or in the presence of
execss aluminum, which was exactly the situation at this interface,
transformation of the surface structure of the sapphire substrate will
occur and give off oxygen.
Some enlarged, closeup pictures of individual crystals (Figures
22 and 24) show that there was a region between the crystal and sap
phire surface like a diffusion path through which oxygen from sapphire
substrate diffuse to the crystal.

Unfortunately, it could not be

verified in this study.
It is interesting to note that, except for the A^O-abundant
region, the crystals were found to align in certain straight lines as
shown in Figures 32 and 33.

Although these lines were on a scale

comparable to that of the low-angle grain boundaries observed by ther
mal etching[35], the very straight property and randomly intersected
to each other which made very sharp angles favored (see Figure 33) the
conclusion that they were actually the polishing scratches on the
sapphire surface.

Surface imperfections such as polishing scratches

are the points of high surface energies and the preferred sites for
nucleation to take place.

E. ATTACK OF SAPPHIRE BY THE ALUMINUM VAPOR
Etching of sapphire by Al vapor has been reported previously
[7,10],

Etch pits found in this study on a {1120} substrate were

shown in Figure 34, and on a {1012} substrate in Figure 35.

Compared

to the pits formed by the action of chemical polishes and etchants on
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Figure 32. In focus, in the foreground, crystals (dark-colored with an
inclined top surface) grown along a specific straight line
on a {1012} sapphire surface can be seen.
1300°C, x500)

(On cooling from
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Figure 33. Crystals grown preferentially on several straight lines
beneath the Al drop.

(On cooling from 1300°C,

sapphire surface, xlOOO)

{1120}
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(b)

Figure 34. SEM photographs of the etch pits formed on a {1120} sap
phire surface after a 1500°C experiment.
x 2000)

((a) x500, (b)
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Figure 35. Etch pits on a {1012} sapphire surface after a 1400°C
experiment.

(xl60)
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corundum[36], the shape of the etch pits in Figure 35 was similar to
that reported on the {1011} substrate surface rather than that on the
same {1012 } surface.
Severe attack by the Al vapor was sometimes found on the sapphire
substrates after higher temperature experiments.

Figure 36 shows the

observed pattern of a {1120} substrate after a 1500°C experiment. This
figure reveals that the substrate was probably cut at a few degrees
deviated from the desired surface plane.
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Figure 36. The pattern of surface steps on a {1120} sapphire surface
after a 1500°C experiment.

(x50)
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V. CONCLUSION

(1)

Differences in the wetting behavior between this study and

those previous ones under vacuum conditions were discussed in terms of
the total pressure used in the experiment.

The atmospheric pressure

used in this study resulted in a milder interfacial reaction, a mod
erate decreasing rate of the drop volume, and only one reaction ring.
(2)

Wetting of sapphire by molten A1 occurred in all experimen

tal conditions of current study.

The contact angles decreased mono-

tonically with time under all experimental conditions.
(3)

Neither the oxygen partial pressure in the flowing atmo

sphere nor the orientation of the sapphire substrates showed signifi
cant effect on the contact angle values.
(4)

Nucleation and growth of single crystal cc-A^C^ particles at

the AI-AI 2O 3 interfaces occurred and the shapes of these crystals were
observed and found to be dependent on the orientation of the sub
strates.

The crystallites are believed to grow during the cooling

period.
(5)

Crystals grown at the AI-AI 2O 3 interfaces at experimental

temperature at 1500°C showed relatively more complex shapes than those
at lower temperature, i.e. 1300°C.
(6 )

Indirect evidence showed that A^O^ g ) , the product of the

reaction between molten aluminum and sapphire, was responsible for the
crystal growth at the AI-AI 2O 3 interfaces.
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APPENDIX: PROFILOMETRY MEASUREMENT

The profilometry measurement was made at several (maximum four)
points which evenly divided the circle of the final drop-substratevapor interface, and in a direction perpendicular to the tangent to
that circle.

This measurement gave the cross section profile of the

sapphire surface in the region of the reaction ring.

The results

are listed below and averaged values are used in Figure 18.

One as-

received sapphire window of (1120) was examined for reference.

This

list is followed by the profilometry graphes in the same sequence.
This measurement was performed at the ALCOA research center by
Dr. D. A.

Weirauch and W. Krafick .
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